Introduction
NMDA receptors, a subclass of the ionotropic glutamate receptor family, play important roles in synaptic plasticity, memory formation, neural development, and many neurological disorders (Choi, 1988; Collingridge and Lester, 1989; Meldrum and Garthwaite, 1990 ). These channels are highly permeable to Ca 2ϩ and are generally composed of two types of subunits: the glycinebinding subunit NMDA receptor 1 (NR1) and the glutamatebinding subunits NR2A-D (Hollmann and Heinemann, 1994) . Different combinations of these subunits exhibit distinct properties and characteristic regional and developmental expression in vivo ). NR2 subunits have large cytoplasmic C termini that modulate channel activity and localization of NMDA receptors (Mori et al., 1998; Sprengel et al., 1998) . The C-terminal region of NR2 subunits is phosphorylated by Ca 2ϩ /calmodulin-dependent protein kinase II, protein kinase C (PKC), and protein-tyrosine kinases and contains internalization motifs altering receptor turnover (Kohr and Seeburg, 1996; Omkumar et al., 1996; Grant et al., 1998; Liao et al., 2001; Yang and Leonard, 2001; Scott et al., 2004) . C-terminal truncation of NR2 subunits impairs synaptic NMDA receptor localization at hippocampal CA1 synapses and reduces long-term potentiation (Steigerwald et al., 2000; Kohr et al., 2003) . These findings suggest that the post-translational modification of the C-terminal domain modulates NMDA receptor function and synaptic localization. Calpain is a neutral, calcium-dependent protease that is found in neurons in both the cytosol and the synaptic terminal. During synaptic activity, calpain is activated by calcium entry through NMDA receptors (Vanderklish et al., 1995) . NR2A-C (but not NR1) are all cleaved in their C-terminal region by calpain in vitro (Bi et al., 1998a,b; Guttmann et al., 2001 ). In addition, cleavage of NR2A by calpain in situ in transfected human embryonic kidney 293 (HEK293) cells decreases the number of functional NMDA receptors, suggesting that it is involved in NMDA receptor turnover (Guttmann et al., 2002) . Cleavage of NR2 subunits (almost exclusively NR2B) is also found after glutamatergic treatment of primary neuronal cultures (Simpkins et al., 2003) . The increased solubility of AMPA receptors in rat brain after truncation with calpain suggests that calpain may facilitate the removal of receptors from postsynaptic densities (Lu et al., 2000) .
The calpain-cleaved C-terminal region of NR2 subunits inter-5 viable cells per 35 mm culture dish. Cultures were maintained at 37°C with 5% CO 2 . Non-neuronal cell growth was inhibited with cytosine arabinoside at 7-10 d in vitro (DIV) . Cells were used after at least 14 DIV.
Transfection of HEK293 cells. HEK293 cells were grown and transfected using calcium phosphate precipitation as previously described . Treatments were added 24 hr after transfection. Ketamine (500 M) was added to the media during transfection to prevent NMDA receptor activation as previously described .
Drug treatments. MK-801 was dissolved in water and used at a final concentration of 100 M. Concanavalin A was dissolved in ethanol and used at a final concentration of 0.25 mg/ml. CalI3, CaspI2, and CathI1 were dissolved in DMSO and used at 10, 3, and 10 M, respectively. Final DMSO concentration was Յ0.1%.
For studies of calpain cleavage, cells were rinsed twice with 1ϫ PBS and preincubated for 30 min in HBSS with MK-801, concanavalin A, protease inhibitors, or vehicle. Glutamate and glycine were then added (100 M each for routine experiments) for 30 min. For ionomycin treatment, cells were preincubated for 30 min in HBSS with CalI3 (10 M) or vehicle and followed by 10 min ionomycin treatment (1 M). For palmitoylation inhibition in cortical neurons, cells were preincubated in HBSS with 2-bromopalmitate (100 M) or vehicle for 10 hr followed by glutamate and glycine treatment. Cells were immediately scraped into 1ϫ Laemmli stop buffer without bromophenol blue, EGTA, or dithiothreitol (DTT) . Samples were boiled for 5 min, and protein concentrations were determined using the bicinchoninic acid assay (Pierce). Bromophenol blue and DTT were then added, and the samples were stored at Ϫ20°C until used.
Truncated forms of NR2A. Truncated forms of NR2A at amino acids 1400 (designated NR2A1400), 1330 (NR2A1330), and 1279 (NR2A1279) were produced previously (Grant et al., 2001; Guttmann et al., 2001 ). NR2A1460, which lacks the last four amino acids (ESDV) of the C terminus, was made by PCR by priming NR2A in prk7 with the forward oligonucleotide (5Ј-ACCTACATGAAAACCAAAGCAAGT-3Ј) and the reverse oligonucleotide (5Ј-TGATGGAAGATCTTAAACATCAGATT-AGATACTAGGCAT-3Ј). The sample was digested with BglII, ligated into NR2A, and then subcloned into prk7. The mutation was verified by nucleotide sequencing using an ABI 3700 automated genetic analyzer (Molecular Biology Core at the Children's Hospital of Philadelphia).
Western blotting. Thirty micrograms of total protein were loaded on an 8% polyacrylamide gel (10% for experiments examining PSD-95). After SDS gel electrophoresis, proteins were transferred to nitrocellulose, blocked with 3% dry milk, and incubated with primary antibody. Blots were then incubated with appropriate HRP-conjugated secondary antibodies and developed with enhanced chemiluminescence (Pierce). Each blot was scanned using an Epson scanner in conjunction with Adobe Photoshop ). Data were quantitated using imaging densitometry and analyzed using the NIH Image program.
Calcium imaging. For calcium imaging, cells were cotransfected with green fluorescent protein (GFP) to identify transfected cells. Eighteen to 20 hr after transfection, cells were rinsed twice with HBSS. The medium was then replaced with HBSS containing 2 M fura-2 AM and returned to the incubator. After a 30 min incubation, cells were rinsed twice with HBSS and placed on the stage of an Eclipse TE300 microscope (Nikon, Melville, NY). Images of cells were obtained and analyzed using the Metafluor imaging system (Universal Imaging, Downingtown, PA). Calibrations were completed as previously described , and all GFP-expressing cells in a given field were measured. Before agonist application, images were obtained for several minutes to establish a stable baseline calcium measurement. Agonists (100 M glutamate and 100 M glycine) were then applied, and images were obtained at 1 sec intervals. Peak calcium concentrations were typically observed within 30 sec, and resting calcium levels were typically 60 -100 nM.
Coimmunoprecipitation. Briefly, HEK293 cells or cortical neuronal cultures (22-24 DIV) were rinsed twice with PBS after treatment and then scraped into 1 ml of lysis buffer containing 1 mM EDTA, 150 mM NaCl, 100 mM Tris HCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.25 mM PMSF, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 mM iodoacetamide. After centrifugation at 12,500 rpm in a Microfuge for 20 min, the lysate was incubated with 40 l of protein G beads for 2 hr at 4°C to remove any proteins that would bind nonspecifically to the beads. After brief centrifugation, the supernatant from HEK293 cells was incubated with an anti-NR2C antibody (A-6475, which recognizes NR2A-C) (dilution, 1:100). The supernatant from cortical neuronal cultures was incubated with an anti-NR2A antibody (dilution, 1:100) overnight at 4°C. Twenty-five microliters of protein G beads were then added to the solution and incubated at 4°C for 2 hr. The beads were washed four times with lysis buffer followed by 15 min centrifugation at 12,500 rpm. Sample buffer for SDS-PAGE was added, and the mixture was boiled for 5 min.
Beads were pelleted by centrifugation, and a fixed volume of supernatant was applied to SDS-PAGE 8%.
Biotinylation. After treatment, HEK293 cells were placed on ice and rinsed twice with a cold rinsing solution containing PBS, pH 7.5, 1 mM MgCl 2 , and 0.1 mM CaCl 2 (Simpkins et al., 2003) . Cells were then gently agitated at 4°C for 20 min in rinsing solution containing 1 mg/ml NHSbiotin. Cells were rinsed twice in quenching solution (rinsing solution with 100 mM glycine added) and agitated at 4°C in quenching solution with 10 M MK-801 for 20 min. Cells were washed and agitated for 1 hr at 4°C in radioimmunoprecipitation assay (RIPA) buffer [150 mM NaCl, 1 mM EDTA, 100 mM Tris HCl, pH 7.4, 1% (v/v) Triton X-100, 1% (w/v) deoxycholate, and 0.1% (w/v) SDS] containing protease inhibitors (1 g/ml leupeptin, 250 M PMSF, 1 g/ml aprotinin, 1 mg/ml trypsin inhibitor, and 1 mM iodoacetamide). Samples were harvested and centrifuged at 12,400 rpm for 20 min at 4°C. Separate aliquots of the lysate were taken for total lysate fraction, protein quantification, and incubation in avidin beads overnight at 4°C. After overnight incubation, samples were centrifuged at 12,400 rpm for 15 min in a Microfuge, and the supernatant (the intracellular fraction) was removed. Sample solubilizing buffer (4ϫ; 8% SDS, 240 mM Tris, pH 6.8, 0.04% bromophenol blue, 40% glycerol, and 4% 2-mercaptoethanol) was added to both the total lysate and intracellular fractions. Avidin beads were then washed four times with RIPA buffer and incubated in 2ϫ sample solubilizing buffer for 30 min at room temperature. Samples were then centrifuged for 5 min at 12,000 rpm, and the supernatant (the extracellular fraction) was removed and stored at Ϫ20°C. Thirty micrograms of each fraction were subjected to SDS-PAGE and Western blot analysis.
Immunofluorescence microscopy. HEK293 cells were transfected with NR1a and NR2A in combination with PSD-95 or PSD-95 (C3,5S) in the presence of 100 M MK-801. Twenty-four hours after transfection, cells were fixed with ice-cold methanol for 10 min at Ϫ20°C. After blocking with 0.2% BSA and 0.1% Triton X-100 in OptiMEM, coverslips were incubated for 2 hr at room temperature with antibodies to NR2A (Nterminal antibody A-6475; 1:200) and PSD-95 (1:200), followed by FITC-conjugated goat anti-rabbit (for NR2A) and rhodamineconjugated anti-mouse (for PSD-95) secondary antibodies (1:200; The Jackson Laboratory, Bar Harbor, ME) for 1 hr at room temperature. Cells were then washed and mounted using Vectorshield with 4Ј,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). Fluorescent pictures were taken using a Leica (Nussloch, Germany) DM IRE2 HC fluo TCS 1-B-UV microscope coupled to a Leica TCS SP2 spectral confocal system/UV. The scan head contains an acousto-optical beam splitter for simultaneous control of up to six laser lines. The three fluorochromes were sequentially scanned with all conditions at identical exposures. Each picture is representative of five samples.
Data analysis. All data were analyzed using Instat software. Statistics were performed by ANOVA or t tests, and significance was set at p Ͻ 0.05. Data were expressed as means Ϯ SEM.
Results

Effect of PSD-95 on calpain-mediated cleavage of NR2 subunits
To assess the ability of PSD-95 to alter the cleavage of NR2A by calpain, HEK293 cells cotransfected with the NR1a/2A combination and PSD-95 or vector control were incubated in glutamate and glycine and analyzed by Western blots using an N-terminal antibody that recognizes NR2A in transfected cells (Guttmann et al., 2002) . As reported in our previous study, agonist stimulation of NMDA receptors caused a 46% decrease in full-length NR2A immunoreactivity (n ϭ 8; p ϭ 0.0008) (Fig. 1 A,B) , which was inhibited by the inclusion of the NMDA receptor antagonist MK-801 (n ϭ 8; p ϭ 0.0055) (Fig. 1 A,B) . No degradation product was observed after agonist stimulation, suggesting that the cleavage products are not stable in this system (Guttmann et al., 2002) . The degradation of full-length NR2A was inhibited by coexpression of calpastatin, a protein calpain inhibitor, showing that the cleavage of NR2A results from the activation of calpain. When transfected with PSD-95, the degradation of full-length NR2A was also completely abolished ( Fig. 1 A,B) . No systematic difference was noted between baseline (before agonist application) expression levels of NR2A immunoreactivity in the presence or absence of PSD-95 (data not shown). These data indicate that activation of calpain by NMDA receptor stimulation leads to the cleavage of NR2A, an effect that was eliminated by coexpression of PSD-95.
To rule out the possibility that PSD-95 expression directly inhibits calpain activity in HEK293 cells, we examined the levels of a calpain-generated spectrin degradation product after 30 min agonist stimulation using an antibody (AB38) selective for this product (Roberts-Lewis et al., 1994; Simpkins et al., 2003) . Levels of the spectrin degradation product were similar in cells with and without PSD-95 (n ϭ 5; p ϭ 0.2441) (Fig. 1C) , indicating that the effect of PSD-95 on calpain-mediated cleavage of NR2A is not attributable to globally decreased calpain activity. Coexpression of PSD-95 has been reported to lower the whole-cell current responses of NR1a/2A by decreasing their sensitivity to glutamate (Rutter and Stephenson, 2000) , suggesting that PSD-95 could eliminate the calpain-mediated cleavage of NR2A by lowering the intracellular calcium response to agonists. In our treatment conditions, which include maximal stimulation by agonists, the presence of PSD-95 did not significantly lower the intracellular calcium response compared with the vector control (n ϭ 14; p ϭ 0.1709) (Fig. 1 D) , indicating that the blocking effect of PSD-95 on calpain-mediated NR2A cleavage is not mediated through a decrease in the intracellular calcium response to agonists.
Our previous study demonstrated that NR2B was also de- graded by calpain in transfected HEK293 cells but only if the NR2A subunit was present to facilitate calpain activation (Simpkins et al., 2003) . To examine the ability of PSD-95 to alter the cleavage of NR2B, HEK293 cells cotransfected with the NR1a/ 2A/2B combination and PSD-95 or vector control were treated with glutamate and glycine and analyzed by Western blots. Agonist stimulation of these cells caused a 43% decrease in full-length NR2B immunoreactivity using an antibody to the N-terminal region of NR2B (n ϭ 5; p ϭ 0.0157) ( Fig. 2 A,B) ; this decrease was inhibited by the inclusion of the NMDA receptor antagonist MK-801 (n ϭ 5; p ϭ 0.0027) ( Fig. 2 A,B) . Coexpression of PSD-95 or calpastatin eliminated the degradation of NR2B, showing that calpain mediates the degradation of NR2B and that PSD-95 also protects NR2B from calpain-mediated cleavage. Although an N-terminal degradation product of NR2B containing approximately 1050 amino acids was found in cultured hippocampal neurons subsequent to agonist stimulation ( Fig. 2C ,D) (Simpkins et al., 2003) , no degradation product was identified in transfected HEK293 cells using this N-terminal antibody, showing that the N-terminal fragments of calpain-mediated degradation of NR2B (like those of NR2A) are not stable in HEK293 cells. In contrast, the degradation product of NR2B in neurons was present under basal conditions (as noted in our previous study) and rapidly increased in amount within at most several minutes after NMDA receptor activation (Fig. 2C,D) , consistent with ongoing calpain activity in neuronal culture.
Effects of PSD-95 on the cleavage of shortened forms of NR2A by calpain
To understand the mechanism of the modulation of calpainmediated cleavage of the NR2A subunit by PSD-95 and to identify the exact sites of NR2A cleavage in situ, shortened forms of the NR2A subunit containing different potential calpain cleavage sites were coexpressed in HEK293 cells with NR1a and PSD-95 or vector control. Receptors containing these forms have similar ligand-binding characteristics and produce intracellular calcium transients similar to those of wild-type NR1a/2A Anegawa et al., 2000; Guttmann et al., 2001 ). In addition, receptors containing shortened forms of NR2A (such as NR2A truncated to amino acid 1051) still activate calpain after NMDA receptor stimulation (Guttmann et al., 2002) . As shown in Figures 3 , A and B, and 4 D, NMDA receptor activation by glutamate and glycine decreased NR2A1400 immunoreactivity by 35% compared with the 0 min control (n ϭ 6; p ϭ 0.0001). Coexpression of calpastatin inhibited the degradation of NR2A1400, confirming that this effect is calpain-mediated. Coexpression of PSD-95 did not prevent this degradation (28% of the 0 min control) (n ϭ 4; p ϭ 0.0023). When we used NR2A truncated to amino acid 1330, NR2A1330 was still cleaved by calpain (Figs. 3A,C, 4D) (n ϭ 8; p ϭ 0.0037). The decrease in NR2A1330 immunoreactivity reached 24% of the 0 min control, somewhat smaller than that found with wild-type NR2A. Coexpression of calpastatin inhibited the degradation of NR2A1330, but coexpression of PSD-95 had no effect (26% decrease from the 0 min control) (n ϭ 7; p ϭ 0.0149). In contrast, when cells were transfected with NR1a/2A1279, no detectable change in NR2A1279 immunoreactivity was observed after glutamate and glycine treatment ( p ϭ 0.1767, n ϭ 5) (Figs. 3A,D, 4D) . Similarly, no difference was seen with coexpression of calpastatin or PSD-95. These results provide in situ evidence that all NR2A calpain cleavage sites are located on the C-terminal side of amino acid 1279, consistent with the two calpain cleavage sites for NR2A identified in vitro at amino acids 1279 and 1330 ). Furthermore, PSD-95 had no effect on the calpain-mediated cleavage of NR2A1330 and NR2A1400, showing that the effect of PSD-95 was mediated through the final 64 amino acids of NR2A. Because PSD-95 binds to the NR2A subunit via the ESDV motif at the extreme C terminus (Kornau et al., 1995; Niethammer et al., 1996) , a direct interaction in this location could modulate the cleavage of NR2A by calpain. We then examined the effects of PSD-95 on cleavage of mutant NR2A lacking only the C-terminal four amino acid residues (ESDV; denoted as NR2A1460). This construct produced agonist-induced intracellular calcium transients similar to those of wild-type NR1a/2A (n ϭ 10; p ϭ 0.6632) (Fig. 4 A) . When HEK293 cells transfected with NR1a/2A1460 were treated with glutamate and glycine, NR2A1460 immunoreactivity significantly decreased (33% of the 0 min control) (n ϭ 5; p ϭ 0.0002) (Fig. 4 B-D) ; the degradation of NR2A1460 was inhibited by the inclusion of MK-801 (n ϭ 5; p ϭ 0.0004) and by coexpression of calpastatin. These data show that calpain mediates the degradation of NR2A1460 and that receptors containing this truncated form of NR2A activate calpain. However, the presence of PSD-95 had no effect on the degradation of NR2A1460 (30% of the 0 min control) (n ϭ 5; p ϭ 0.0002). This further confirms that PSD-95 does not inhibit calpain activation in this system and demonstrates that the C-terminal ESDV motif of NR2A is essential for the blockade of calpain-mediated cleavage of NR2A subunit by PSD-95.
Cellular location of calpain-mediated cleavage in HEK cells and effects of receptor assembly
Although the data demonstrate the need for the structural components that mediate direct NR2A-PSD-95 interaction in the blockade of calpain-mediated cleavage by PSD-95, they do not completely define the mechanism of this event or the cellular location of calpain-mediated cleavage. As the level of cleavage by calpain approaches 50% of the total NR2, this suggests that calpain might act not only at the cell surface but also at other cellular locations. We sought to assess this by examining the amount of intracellular and extracellular cleavage using biotinylation. HEK293 cells cotransfected with the NR1a/2A combination and PSD-95 or vector control were treated with glutamate and glycine, and cell surface proteins were labeled with NHS-biotin. In transfected cells both before and after activation of calpain by agonist exposure, NR2A was found in the intracellular fraction and in the cell surface fraction (Fig. 5A) . Actin, a marker of intracellular proteins and a control for cell lysis, remained almost exclusively in the intracellular fraction even after agonist exposure (Fig. 5A) . After activation of calpain, levels of NR2A decreased in both the intracellular fraction (50% decrease from the 0 min control) (n ϭ 8; p ϭ 0.0166) (Fig. 5A,B) and the extracellular fraction (45% decrease from the 0 min control) (n ϭ 8; p ϭ 0.0172) (Fig. 5A,B) . This shows that activation of calpain leads to NR2A degradation in both cellular compartments. When co- transfected with PSD-95, the decline of NR2A levels was abolished in both the intracellular fraction (n ϭ 7; p ϭ 0.4754) (Fig.  5C,D) and the extracellular fraction (n ϭ 7; p ϭ 0.9247) (Fig.  5C,D ). These data demonstrate that PSD-95 protects NR2A from calpain-mediated cleavage in both cellular compartments.
Assembly of NR1 and NR2 subunits in the endoplasmic reticulum is necessary for NMDA receptors to reach the cell surface and to form a functional ion channel (McIlhinney et al., 1996 , Okabe et al., 1999 Standley et al., 2000) . To investigate whether assembly with an NR1 subunit is a prerequisite for the cleavage of the NR2 subunit by calpain and also to extend the locations of NR2A cleavage, we transfected different combinations of NR1 and NR2 subunits. HEK293 cells cotransfected with NR1a/2A or NR2A-vector were treated with 1 M ionomycin (a calcium ionophore) for 10 min to activate calpain and analyzed by Western blots (Guttmann et al., 2002) . When cotransfected with NR1, the level of NR2A significantly decreased after ionomycin treatment compared with the 0 min time point (n ϭ 6; p ϭ 0.0132) (Fig. 6C) ; this decrease was inhibited by the inclusion of CalI3 (n ϭ 6; p ϭ 0.018) (Fig. 6C) . No degradation of NR2A was found in transfections including NR2A alone (n ϭ 5; p ϭ 0.3084) (Fig. 6 D) . NR1 was not significantly degraded when present in homomeric or heteromeric transfections (n ϭ 6; p Ͼ 0.05) (Fig.  6 A,B) . This shows that association of NR1 with NR2 leading to exit from the ER is necessary for cleavage of NR2A, consistent with our previous data that calpain-mediated cleavage affects physiologically active, coassembled receptors (Guttmann et al., 2002) .
The failure of NR1 levels to decline in transfected cells with ionomycin exposure and with NMDA receptor activation shows that it is not likely to be a direct calpain substrate in situ. NR1 is also not a calpain substrate in vitro ). This, however, leads to the question of the disposition of NR1 (likely a small portion of the total NR1) that is associated with cleaved NR2. In neurons, most of the cleaved NR2B remains on the cell surface at least temporarily, and NR1 levels do not decline (Simpkins et al., 2003) . However, in transfected cells, NR2 subunit levels decrease on the cell surface, and the number of functional receptors declines, suggesting that NR1 is also destroyed or internalized. Therefore, we examined the effect of calpain activation (through glutamate and glycine application) on NR1 levels in the NR2A-associated pool (via coimmunoprecipitation using an NR2A antibody). The NR1 selectively associated with NR2A also declined (72% decrease from 0 min) (n ϭ 3; p ϭ 0.0088) (Fig.  6 E,F ) , accompanying the decrease in NR2A (31% decrease from 0 min) (n ϭ 3; p ϭ 0.012). This shows that the NR1 subunit, although it does not appear to be a calpain substrate itself, is destroyed in association with NR2A destruction by calpain.
Mechanism of PSD-95-mediated effects on calpain cleavage
Although one major function of PSD-95 is the structural attachment of multiple receptors and receptor clustering, a second is its ability to modulate receptor turnover and endocytosis. PSD-95 might alter either or both of these in its modulation of calpainmediated cleavage of NR2. To test this possibility, HEK293 cells were cotransfected with the NR1a/2A combination and wild-type dynamin or K44A dynamin, a dominant negative form of dynamin that inhibits endocytosis of NMDA receptors and other receptors by clathrin-coated pits (Ceresa et al., 1998; Lin et al., 2000; Roche et al., 2001 ). Activation of calpain by agonist treatment significantly decreased NR2A immunoreactivity (32% of the 0 min) in dynamin-cotransfected cells (n ϭ 5; p ϭ 0.0335) (Fig. 7A) . Cotransfection of this mutant dynamin form had no effect on calpain-mediated breakdown of NR2A (31% of the 0 min) (n ϭ 5; p ϭ 0.0385) (Fig. 7B) and did not consistently result in the appearance of novel products. Similar results were seen with concanavalin A, another inhibitor of clathrin-mediated endocytosis (Shiina et al., 2001 ). NR1a/2A-transfected HEK293 cells were pretreated with concanavalin A (0.25 mg/ml) for 30 min and subsequently exposed to glutamate and glycine. Concanavalin A pretreatment did not change the cleavage pattern of NR2A by calpain (n ϭ 4; p ϭ 0.0036 for control group; p ϭ 0.0102 for concanavalin A group; 0 vs 30 min) (Fig. 7C,D) . These data indicate that the blockade of NMDA receptor internalization does not alter calpain-mediated cleavage of NR2A in this system and thus is not likely to be a mechanism involved in the protection by PSD-95 of NR2A cleavage by calpain.
Another mechanism by which PSD-95 might block cleavage of NR2A is through structural interactions. We sought to assess Figure 6 . Assembly of NR1 and NR2 subunits is required for calpain-mediated cleavage. HEK293 cells cotransfected with different combinations of NMDA receptor subunits were treated with 1 M ionomycin for 10 min to activate calpain and analyzed by Western blots. NR1 and NR2A immunoreactivities were quantitated as a percentage of the CalI3. Data are shown as mean Ϯ SEM (error bars). NR1 was not cleaved by calpain whether it was present alone ( A) or assembled with NR2A ( B). In contrast, the level of NR2A significantly decreased after ionomycin treatment when associated with NR1 (31% decrease from 0 min) (n ϭ 6; p ϭ 0.0132). This was inhibited by the inclusion of CalI3 (n ϭ 6; p ϭ 0.018) ( C) . No degradation of NR2A was found in transfections including NR2A alone (n ϭ 5; p ϭ 0.31) ( D) , showing that only coassembled NMDA receptors are affected by calpain. E, HEK293 cells cotransfected with the NR1a/2A combination were treated with 100 M glutamate and 100 M glycine for 30 min and then subjected to immunoprecipitation. An anti-NR2A antibody (N-terminal antibody A-6475) was used for immunoprecipitation, and the resulting blots were probed with both NR2A and NR1 antibodies. Input, Total cell lysate; IP-NR2A, immunoprecipitated fraction. Representative Western blots show a significant decrease in NR1 and NR2A levels. F, Quantification of NR2A and NR1 levels in the immunoprecipitated fraction. Agonist treatment resulted in a 72% decrease in NR1 immunoreactivity (n ϭ 3; p ϭ 0.0088) and a 31% decrease in NR2A immunoreactivity compared with 0 min (n ϭ 3; p ϭ 0.012), suggesting that NR1 is also destroyed when associated with NR2A that is degraded by calpain. Data are shown as mean Ϯ SEM (error bars).
whether clustering of PSD-95 and NR2A, a process mediated by lipid interactions in heterologous systems, might control the blockade of calpain-mediated cleavage. Palmitoylation of PSD-95 occurs through specific cysteines at amino acids 3 and 5 (Craven et al., 1999) . When PSD-95 mutated at these sites (C3,5S) was cotransfected with NR1a/2A, and calpain was activated by exposure to glutamate and glycine, PSD-95 no longer blocked NR2A breakdown, and clustering of PSD-95 and NR2A no longer was present (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). The level of NR2A in both the intracellular and extracellular fractions decreased compared with 0 min (Fig. 8 A,B ) (n ϭ 6; p ϭ 0.021 for intracellular fraction; n ϭ 6; p ϭ 0.0285 for extracellular fraction). However, immunoprecipitation with an anti-NR2A antibody revealed that PSD-95 and NR2A did not remain associated under these conditions (Fig. 8C) , as reported previously for potassium channels in transfected cells and for NR2 subunits when palmitoylation is blocked in neurons (Topinka and Bredt, 1998; Li et al., 2003) . These data show that the ability to associate with the NMDA receptor and the ability to cluster are features of PSD-95 that control calpain-mediated cleavage of NR2A. To separate these related possibilities, we examined the ability of SAP102, an NR2-binding membrane-associated guanylate kinase (MAGUK) protein containing PDZ domains similar to those of PSD-95 but lacking the palmitoylation motifs and the ability to cluster in heterologous systems Muller et al., 1996; ElHusseini et al., 2000) , to protect NR2A from cleavage by calpain. When HEK293 cells cotransfected with the NR1a/2A combination and SAP102 were treated with glutamate and glycine, the presence of SAP102 did not block calpain-mediated cleavage of NR2A (n ϭ 5; p ϭ 0.025) (Fig. 8 D) . This shows that palmitoylation of PSD-95 (and likely resultant clustering) in conjunction with direct attachment to NR2A mediates the ability of PSD-95 to block calpain-mediated cleavage of NR2A.
PSD-95-NR2A interactions in neurons
In our previous studies, we noted that although NR2B is readily cleaved by calpain in neurons, NR2A could not readily be cleaved (Simpkins et al., 2003) . The association of NR2A with synapses and thus with PSD-95 could explain this phenomenon. Because PSD-95 expression level and its association with NMDA receptors increases with development , we examined the ability of NR2A to be cleaved at different time points in development in cultured cortical neurons. In contrast to our previous studies in hippocampal neurons (conducted at Ն18 DIV), NR2A was cleaved by calpain in younger cultures (14 -16 DIV) (Fig. 9A) . As neurons matured (22-24 DIV), the amount of NR2A that could be cleaved decreased (Fig. 9A) . Because NR2A Figure 7 . Blockade of NMDA receptor internalization does not alter calpain-mediated cleavage. HEK293 cells cotransfected with the NR1a/2A combination and wild-type dynamin or K44A dynamin were treated with 100 M glutamate and 100 M glycine in the presence or absence of 100 M MK-801 for 0 or 30 min and analyzed by Western blotting. The amount of NR2A immunoreactivity was quantified as a percentage of the MK-801 control condition. Agonist treatment caused a significant decrease in NR2A immunoreactivity (32% decrease from 0 min) in dynamin-cotransfected cells (n ϭ 5; p ϭ 0.034) ( A), whereas cotransfection of the mutant dynamin form K44A had no effect on calpain-mediated breakdown of NR2A (31% decrease from 0 min) (n ϭ 5; p ϭ 0.038) ( B) and did not result in appearance of novel products. C, D, NR1a/2A-cotransfected HEK293 cells were pretreated with concanavalin A (0.25 mg/ml) ( D) or vehicle ( C) for 30 min and exposed to 100 M glutamate and 100 M glycine in the presence or absence of 100 M MK-801. No difference was found in the cleavage pattern of NR2A by calpain after concanavalin A pretreatment (n ϭ 4; p ϭ 0.0102; 0 vs 30 min) compared with the control group (n ϭ 4; p ϭ 0.0036). Data are shown as mean Ϯ SEM (error bars). expression and PSD-95 expression concurrently increase in these cultures over this period (data not shown) (as is also seen in hippocampal neurons) , the increase in PSD-95-NR2A interactions could mediate this decreased susceptibility to calpain.
We then examined the effect of palmitoylation blockade on the cleavage of NR2A in cultured cortical neurons. Blockade of palmitoylation prevents clustering of PSD-95 in model systems, and in neurons in culture, it disperses PSD-95 from synapses and thus dissociates NR2A from PSD-95 (Li et al., 2003) . When we pretreated cultured cortical neurons (22-24 DIV) for 10 hr with 100 M 2-bromopalmitate, a palmitoylation inhibitor, treatment of cultures with glutamate and glycine decreased the level of NR2A by 34% compared with 0 min (n ϭ 6; p ϭ 0.0092) (Fig.  9C,D) . No significant reduction was observed in the control group (vehicle only). Immunoprecipitation with an anti-NR2A antibody revealed that 2-bromopalmitate treatment dissociated PSD-95 and NR2A. Equal amounts of NR2A were precipitated in each condition (Fig. 9B) . Inclusion of CalI3 ( p ϭ 0.0002 by ANOVA; n ϭ 6; p ϭ 0.0090 CalI3 vs 30 min) but not inhibitors of caspase or cathepsin prevented the loss of NR2A (n ϭ 6; p Ͼ 0.05 for both) (Fig. 9E ). This confirms that the interactions of PSD-95 and NR2A are crucial to protection of NR2A from calpainmediated cleavage in neurons and again mechanistically link this protection with palmitoylation of PSD-95 and direct interaction with NR2A.
Discussion
In this study, we have demonstrated that interactions of the NR2 subunit with PSD-95 control calpain-mediated degradation of NR2. Both NR2A and NR2B degradation is inhibited by coexpression of PSD-95, whereas the degradation of NR2 subunits lacking the PSD-95-binding motif is unaffected by coexpression of PSD-95. The effect of PSD-95 is mediated not only at the cell surface but also at internal cellular locations, more characteristic of a direct biochemical blockade of cleavage than an alteration of NR2 trafficking by PSD-95. The lack of effect of blockade of internalization on calpain-mediated cleavage of NR2 also suggests that the effects of PSD-95 represent a biochemical phenomenon rather than a PSD-95-mediated alteration of NR2 trafficking. These interactions explain the resistance of NR2A to calpain-mediated proteolysis in neurons because dissociation of the PSD-95-NR2 linkage creates NR2A that can be destroyed in a calpain-dependent manner.
PSD-95 and its homologues induce the clustering of NMDA receptors and block the internalization of NMDA receptors in heterologous systems (Roche et al., 2001 ). The present study suggests that clustering of PSD-95-NMDA receptor complexes (which in heterologous systems requires palmitoylation of PSD-95 and direct interaction of PSD-95 with NR2) controls calpain-mediated degradation of NR2. Removal of the ESDV motif on NR2 (which removes NR2A-PSD-95 interactions) removes the ability of PSD-95 to block NR2 cleavage. In addition, interference with palmitoylation of PSD-95 in HEK cells and in neurons allows NR2 subunits to be cleaved by calpain, but this process dissociates NR2A from PSD-95. However, SAP102 does not block calpain-mediated cleavage, showing that simply binding to NR2A (as SAP102 is capable of) is insufficient to block calpain-mediated cleavage (Muller et al., 1996; Lau et al., 1996; El-Husseini et al., 2000) . SAP102 differs from PSD-95 in several ways, including the inability to cluster receptors in heterologous systems. Thus, the clustering ability of PSD-95 may be an additional feature beyond the ability to bind NR2A that regulates calpain-mediated cleavage of NR2A.
These findings explain our results showing that NR2B is readily cleaved by calpain after NMDA receptor activation in hippocampal neurons, but NR2A is more resistant, even though both subunits are degraded in vitro and in heterologous systems (Guttmann et al., , 2002 Simpkins et al., 2003) . The NR2B subunit predominates in extrasynaptic membranes and is more associated with SAP102 in synapses in hippocampal neurons in culture . NR2A is predominant in synaptic membranes, where it is presumably associated with PSD-95 Tovar and Westbrook, 1999) . This provides one explanation for the selective cleavage of NR2B by calpain in hippocampal neurons and suggests that one function of calpain in neurons could be to cleave extrasynaptic receptors while sparing synaptic receptors. Interestingly, NR2A is also less susceptible to proteosomal degradation than NR2B and is internalized less readily (Ehlers, 2003; Lavezzari et al., 2004) . Whether these processes are linked to calpain-mediated events is unclear.
Because palmitoylation and clustering of PSD-95 appear to be crucial for its ability to block calpain-mediated cleavage, this ef- fect may be mediated through steric hindrance as a consequence of PSD-95-NR2 interactions (Kornau et al., 1995; Niethammer et al., 1996) . Alternatively, the effect of PSD-95 binding on calpainmediated NR2 degradation could reflect facilitation of other processes. Phosphorylation by PKC, Src, or Fyn differentially modulates the susceptibility of the NMDA receptor to calpain in vitro (Bi et al., 1998a; Rong et al., 2001) . PSD-95 links Fyn-tyrosine kinase to NR2A subunits and enhances phosphorylation of NR2A (Tezuka et al., 1999) . PSD-95 also associates with other members of the Src family of protein-tyrosine kinases, including Src, Yes, and Lyn (Tezuka et al., 1999) , and the brain-specific protein-tyrosine phosphatase (Kawachi et al., 1999) . SAP102 binds distinct kinases from PSD-95, suggesting an additional or alternative mechanism by which SAP102 fails to block calpain-mediated cleavage of NR2 (Kalia and Salter, 2003) . Thus, the effect of PSD-95 on calpain-mediated cleavage of NR2 could result from phosphorylation and/or direct effects of steric hindrance.
Because calpain is activated during synaptic transmission (Vanderklish et al., 1995) , the interaction of PSD-95 and NR2 subunits could stabilize NMDA receptors in the postsynaptic membrane during synaptic transmission and other times during which intracellular calcium levels rise. In neurons in which PSD-95 is depleted or absent, PSD-95 may not be necessary for stability of synaptic NMDA receptors, and other signaling molecules may be functionally upregulated to compensate for the role of PSD-95 (Sattler et al., 1999) . Interaction with PSD-95 has been identified as a factor controlling internalization and electrophysiology of NMDA receptors in several paradigms (Roche et al., 2001; Li et al., 2003) . Our studies demonstrate rapid cleavage of NR2B in neurons with production of a relatively stable NR2B product. This breakdown product is present in cultured neurons at low levels before application of agonists, rapidly increases in amount during NMDA receptor activation, and is blocked by NMDA receptor inhibition. The fragment remains on the cell surface during glutamatergic stimulation (Simpkins et al., 2003) . Although we cannot exclude the possibility that, under basal conditions, the breakdown product is produced only within a small subpopulation of neurons, it seems more likely that it is produced by ongoing NMDA receptor stimulation. Recent data from others explain how calpain cleavage would play a role in NMDA receptor turnover. NMDA receptor turnover is typically slow, although defined pathways now exist for NMDA receptor internalization (Scott et al., 2004) . Although NR2B contains an internalization motif in the last 20 amino acids of the C-terminal region, NR1 and NR2A contain such motifs only in the region of the proximal C terminus adjacent to the membrane. NR2B also contains a second internalization motif in a similar location (Scott et al., 2004) . Motifs in the proximal C terminus direct internalized receptors to destructive endosomes, whereas the internalization motif in the distal C terminus of NR2B directs receptors to recycling endosomes. Calpain-mediated cleavage of NR2 subunits would expose the proximal C terminus and facilitate rapid internalization of NR1 and NR2 subunits to destructive endosomes.
The results from the HEK293 model system generally match those from neurons, but HEK cell experiments have more flexibility for investigating the biochemistry of calpain-mediated cleavage of NMDA receptors. When cleaved in the C-terminal region, NR2A and NR2B remain active but may be modulated differently by second messenger systems and freed from synaptic linking elements. These active receptors can remain on the cell surface, as in hippocampal neurons, or be readily destroyed, as occurs in HEK293 cells (Guttmann et al., 2002; Simpkins et al., 2003) . In the present study, no N-terminal fragment of NR2B can be found in HEK293 cells, even though cleavage of NR2B by calpain in neurons creates a stable N-terminal fragment. This suggests that the N-terminal products of calpain-mediated cleavage are readily susceptible to further degradation in heterologous systems. In addition, these studies in HEK cells confirm the region of NR2A that is cleaved by calpain in situ. NR2A is cleaved by calpain at amino acids 1279 and 1330 in vitro, and truncation of the receptor to amino acid 1051 removes physiological effects of calpain activation on NMDA receptor properties and in vitro cleavage (Guttmann et al., , 2002 . The present data show that cleavage of NR2A in situ occurs in the region containing the two in vitro sites. Truncation to amino acid 1330 removes most of the cleavage of NR2A by calpain, and the remainder is removed by truncation to amino acid 1279. This suggests that all of the calpain sites are found in the region from amino acids 1279 -1464 of NR2A, consistent with in vitro data .
Although calpain is traditionally viewed as a plasma membrane-associated enzyme, it also acts at internal membranes in physiological and pathophysiological situations (Hood et al., 2004) . PSD-95 protects NR2 from cleavage intracellularly and at the cell surface, perhaps reflecting the observation that MAGUK proteins interact with NMDA receptors early in their trafficking (Standley et al., 2000) . Although calpain could act in concert with internalization, cleavage of substrates by calpain does not appear to require internalization. NR1 itself is not a calpain substrate but is destroyed when associated with NR2 as levels of NR1 that coimmunoprecipitate with NR2 decrease with calpain activation. Thus, NR2 turnover may regulate NR1 destruction in heterologous expression systems, consistent with observations that NR1 turnover occurs through two separate pools (Huh and Wenthold, 1999) .
A previous study reported that coexpression of PSD-95 increases NR2 levels in transfected HEK293 cells and that deletion of the C-terminal ESDV motif eliminates the effect of PSD-95 (Rutter and Stephenson, 2000) . Blockade of calpain-mediated cleavage provides one mechanism for this effect. PSD-95 did not globally inhibit calpain activity in HEK293 cells because PSD-95 had no effect on degradation of spectrin by calpain and on the degradation of truncated forms of NR2A. In addition, cotransfection with PSD-95 does not alter the size of the intracellular calcium response to agonists, which agrees with an electrophysiological study by Yamada et al. (1999) . Although PSD-95 may decrease the sensitivity of NR1a/2A receptors to glutamate (Rutter and Stephenson, 2000) , our assays are performed at saturating concentrations of agonists such that little change in calpain activation is likely to be noted.
Although calpain is viewed as a mediator of excitotoxicity, the present results suggest that calpain activation could be protective against excitotoxicity in some situations by promoting NMDA receptor destruction. This appears to be true in heterologous systems, in which calpain inhibition increases the speed of NMDA receptor-mediated cell death (Guttmann et al., 2002) . However, in neurons, calpain is but one step in a destructive process, and cleaved NR2B receptors remain active on the surface (Simpkins et al., 2003) . Thus, the direct protective effect of calpain in excitotoxicity may vary among different paradigms.
In summary, interactions of the NR2 subunit and PSD-95 control calpain-mediated degradation of the NR2 subunit. In conjunction with the direct degradation of other synaptic proteins by calpain, these results provide mechanisms by which cal-
